Many of the chloroplast mRNAs possess Shine-Dalgarno (SD)-like sequences (typically GGAGG) in the 5¢-untranslated regions, but the position is highly variable. Using a homologous in vitro translation system, we assessed the role for translation of SD-like sequences in four tobacco chloroplast mRNAs. The rbcL mRNA has a typical SD-like sequence at a position similar to the conserved position (-12 to -4 with respect to the start codon) observed in E. coli, and this sequence was found to be essential for translation. This was also the case for the atpE mRNA. However, SDlike sequences in the rps12 mRNA and in the petB mRNA is located far from (-44 to -42) and too close to (-5 to -2) the initiation codon, respectively, and these sequences were not essential for translation. These results indicate that functional SD-like sequences are located around 10 nucleotides upstream from the translational start codon. Competition assays confirmed that a functional SD-like sequence interacts with the 3¢ terminus of chloroplast 16S rRNA.
Chloroplasts are plant-specific organelles that possess their own genome (Sugiura 1992 , Wakasugi et al. 2001 ) and the entire machinery necessary for the process of photosynthesis. The chloroplast translation machinery resembles in part that found in prokaryotes, as chloroplasts contain 70S-size ribosomes and mRNAs lacking 5¢ caps and eukaryotic 3¢ poly (A) tails (Yamaguchi et al. 2000 , Zerges 2000 . Many of the higher plant chloroplast genes encoding proteins possess ShineDalgarno (SD)-like sequences in 5¢-untranslated regions (5¢-UTRs), although their distance from start codons is highly variable (Ruf and Kössel 1988, Bonham-Smith and Bourque 1989) . In the tobacco chloroplast genome, 30 of the 79 protein-coding genes contain no SD-like sequences within 20 nucleotides (nt) upstream from the initiation codon, and the remaining 49 have SD-like motifs but not at a conserved position . The function of chloroplast SD-like sequences were examined using chloroplast transformation in Chlamydomonas reinhardtii, and different results have been reported; deletion of the SD-like sequence from its psbA 5¢-UTR arrested translation (Mayfield et al. 1994) , while replacement mutagenesis of the SD-like sequence in the 5¢-UTRs of petD mRNA (Sakamoto et al. 1994 ) and of atpB, atpE, rps4 and rps7 mRNAs (Fargo et al. 1998 ) had little effect on translation.
In order to analyze molecular mechanisms of translation in higher plant chloroplasts, we have developed an in vitro translation system from tobacco chloroplasts (Hirose and Sugiura 1996) . Our in vitro system supports accurate initiation of translation from a variety of chloroplast mRNAs. Using our in vitro system, an SD-like sequence (GGAG) in tobacco chloroplast psbA mRNAs, which is located in -36 to -33 with respect to the initiation codon, was found not to affect translation (Hirose and Sugiura 1996) , whereas the SD-like sequence (GGA; -14 to -12) in the 5¢-UTR of rps14 mRNA was found to be essential for translation . Here, we report that the mRNA possessing an SD-like sequence at an appropriate position is translated via this sequence, whereas SD-like sequences located outside the functional region do not affect translational initiation.
To assess the position effect of SD-like sequences for translation of chloroplast mRNAs, we selected four tobacco chloroplast mRNA species (from rbcL, atpE, rps12 and petB) with SD-like sequences located at different positions from initiation codons (Fig. 1A) . The rbcL gene encoding the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase is transcribed to produce a 1.9 kb mRNA whose 5¢-UTR is 182 nt long (Shinozaki and Sugiura 1982) . The atpE gene coding for the e subunit of ATP synthase is co-transcribed with its upstream atpB gene for its b subunit as a 2.7 kb polycistronic mRNA (Shinozaki et al. 1983) , and also produces a 1.0 kb transcript from its own promoter located within the atpB coding region (Kapoor et al. 1994) . The monocistronic atpE mRNA possesses the 430-431 nt 5¢-UTR. The petB gene encoding cytochrome b6 is co-transcribed with four other genes to produce polycistronic mRNAs which are spliced and processed into several small mRNA species (Tanaka et al. 1987 ). The 5¢-UTR of petB mRNA was estimated to be 26 nt in length based on the spinach counterpart (Westhoff and Herrmann 1988) . The rps12 gene for ribosomal protein S12 is divided into one copy of 5¢rps12 (exon 1) and two copies of 3¢rps12 (exons 2 and 3) and requires trans-splicing of the two transcripts to produce its mature mRNA (Torazawa et al. 1986 ). The 5¢-UTR of rps12 mRNA was estimated to be 52 nt long (Hildebrand et al. 1988) . mRNA templates were designed to include 5¢-UTRs of similar to or longer than those of in vivo transcripts.
Gene portions were amplified by PCR from tobacco chloroplast DNA (for atpB, atpE, rbcL; Sugiura et al. 1986 ) or tobacco total cDNA (for rps12 and petB), cut with appropriate restriction enzymes, and cloned into pBluescript II SK + , in which rbcL (-192 to +412) , atpB (-244 to +185), atpE (-431 to +191) and petB (-75 to +164) regions were fused in-frame to the 3¢ lacZ coding region (378 bp). The rps12 was not fused to lacZ but contained the whole proteincoding region (-138 to +674). Site-directed mutagenesis was carried out using a Transformer™ Site Directed Mutagenesis kit Version 2 (Clontech) using primer pairs and original constructs. A BglII site was created at the 3¢ end of inserts. Constructs were amplified in E. coli XL-1 Blue and isolated by Qiagen midi tip (Qiagen). Plasmid DNAs were linearized with BglII, and treated with phenol/chloroform and precipitated with ethanol. mRNA templates were synthesized with T3 RNA polymerase using T3 MEGASCRIPT (Ambion) and purified by Sephadex G50 spin columns (Amersham Bioscience). Tobacco plants (Nicotiana tabacum var. Blight Yellow 4) were grown in a growth chamber (28°C, 16 h light/8 h dark) for 4 weeks. Preparation of extracts from intact tobacco chloroplasts and in vitro translation reactions were performed as described (Hirose and Sugiura 1996) . In vitro translation reactions with the above template and [
35 S]methionine were carried out at 30°C for 30 min and the synthesized products were separated by 0.1% SDS/15 or 18% PAGE. The separated 35 S-labeled products were visualized and quantified by a Bio-imaging Analyzer BAS2000 (Fuji Photo Film Co).
The 5¢-UTR of rbcL mRNA possesses a typical SD-like sequence (GGAGG) at a position (-10 to -6) similar to the conserved position observed in E. coli. To confirm the requirement of the SD-like sequence, we altered it from GGAGG to GCACG by mutagenesis. As shown in Fig. 1B , translation of the mutated mRNA (m) was drastically reduced (<5% of wild type, wt), indicating that this SD-like sequence is critical for translational initiation. This confirmed the hypothesis obtained by toe print analysis that the GGAGG sequence (-10 to -6) is functional in translational initiation of barley rbcL mRNA 35 S]products were separated by PAGE. wt, wild-type mRNA; m, mutated mRNA, and 14.3, size marker (14.3 kDa lysozyme).
Fig. 2
Role of the 3¢ terminus of chloroplast 16S rRNA on translation of the atpE mRNA. Schematic representation (above) of the 3¢ end portion of tobacco chloroplast 16S rRNA (Tohdoh and Sugiura 1982) and its complementary oligonucleotide (12 mer). Numerals indicated nt positions from the 5¢ end of mature 16S rRNA. Anti-SD represents the sequence complementary to the typical SD sequence. Excess amounts (´50, ´100 and ´200) of the oligonucleotide competitor were added to in vitro translation reactions. The atpB mRNA without SD was used as a control.
35 S-labeled translation products were separated by PAGE. Minus (-) indicates no oligonucleotide added. (Kim and Mullet 1994) . Analogous experiments were carried out with three other mRNAs. No translation product could be detected from the mutated atpE mRNA, indicating that the GGAG (-18 to -15) is essential for translation of atpE mRNA. On the other hand, mutation of GGAG (-5 to -2) in petB mRNA reduced translation only to 40% of wt level, indicating that this sequence affects translation, but is not essential. The SD-like sequence (GGA) in rps12 mRNA is located at -44 to -42. Although this sequence is far upstream from the initiation codon, it has been proposed to be located spatially close to the initiation codon by forming a stem-loop structure (BonhamSmith and Bourque 1989). Mutation of this GGA reduced translation to 60% of wt, indicating that this SD-like sequence is not essential. These results, together with those previously reported by us using psbA and rps14 mRNAs, indicate that functional SD-like sequences are located at -18 to -6 from the initiation codon (Table 1) . However, the SD-like sequence (GGAG, -8 to -5) located within the above region was not required and even inhibitory for translation of rps2 mRNA (Plader and Sugiura 2003) . This observation suggests that the location of SD-like sequences is not a sole determinant for their function.
As described above, the translation of atpE mRNAs requires the SD-like sequence. To examine the dependence of translation on the 3¢ end of chloroplast 16S rRNA, an oligonucleotide (12 mer) complementary to the 3¢ 16S rRNA was added as a competitor to in vitro translation reactions. The tobacco atpB mRNA was used as control because it contains no SD-like sequence in its 5¢-UTR and its translation is considered to start by a distinct mechanism (Hirose and Sugiura, unpublished data) . As shown in Fig. 2 , translation of the atpE mRNA was inhibited by an excess amount of the oligonucleotide, whereas no significant reduction was observed for atpB mRNA translation by adding the competitor. This result indicates that the free 3¢ terminus of 16S rRNA is involved in translational initiation of atpE mRNAs, probably by base pairing to the SD-like sequence.
We examined the effect on translation of SD-like sequences in tobacco chloroplast mRNAs. Based on the results summarized in Table 1 , SD-containing mRNAs can be categorized into four groups; (1) translation is dependent on SD-like sequences (atpE, rps14 and rbcL mRNAs) probably not by base-pairing with 16S rRNA, (2) translation is partially dependent on SD-like sequences (rps12 and petB mRNAs), (3) translation is independent of SD-like sequences (psbA mRNA), and (4) translation is inhibited by SD-like sequences (rps2 mRNA). Unlike these cases, chloroplast mRNAs which lack the SD motif in the 5¢-UTR are also found, such as, atpB mRNA. These observations raise the possibility that chloroplasts possess multiple mechanisms of translational initiation Sugiura 1997, Sasaki et al. 2003) . Our in vitro system will provide a powerful tool to dissect molecular mechanisms of translation in higher plant chloroplasts. 
